materials included ten types of commercial SWCNTs, representative biological 23 macromolecules (bovine serum albumin and methylcellulose), soot, natural coastal 24 sediments, and SWCNT-amended sediments. Different SWCNTs exhibited widely 25 diverse degradation temperatures, and thermal analytical methods may require SWCNT-26 type specific parameters. To improve quantification capabilities, evolved gases were 27 monitored by mass spectrometry. SWCNTs produced diagnostic ion ratios, reflective of 28 their high carbon and low hydrogen and oxygen contents. Current detection limits are 29 roughly 4 ug SWCNT per sample (e.g., 100 ug SWCNT g -1 sediment and 40 mg sample), controlled 30 by interfering ions associated with the instrument's non-airtight design. While futuremodifications could improve this limitation, the current method is sufficient for 32 quantifying SWCNTs in laboratories and industrial sites where SWCNTs are handled. 33
Furthermore, the method shows promise to distinguish between incidental (e.g., soot) and 34 engineered (e.g., SWCNTs) nanoparticles, which is not possible with current state-of-the-35 art techniques.
INTRODUCTION 38
Carbon nanotubes (CNTs) have generated an impressive list of potential and 39 demonstrated applications [1] [2] [3] , and the CNT industry is growing at a remarkable rate, 40 doubling nearly every two years 4 . Historically, no industrially important chemical has 41 been synthesized, used, and disposed of without some release to the environment. Thus, 42 environmental levels of CNTs will likely increase with growth of the industry. Present 43 CNT analytical techniques are limited to electron microscopy (EM) and spectroscopic 44 analyses of small (mg), relatively pure samples. Some attempts have been made to 45 measure CNTs in complex matrices 5 , but further work remains before recoveries 46 accurately reflect environmental concentrations. As a result, there is no way to monitor 47 the release of industrially synthesized CNTs or to gauge their transport and ultimate 48 biological exposure levels. 49
Successful isolation and detection of CNTs from environmental matrices (e.g., air, 50 water, and sediment) will rely on unique chemical or physical properties of the CNTs that 51 are distinct from other ubiquitous carbon forms. CNTs are cylinders of sp 2 -hybridized 52 carbon atoms arranged in repeating, aromatic rings. While variations in synthetic 53 approaches and post-fabrication handling result in a diverse class of materials 6 , the 54 majority of CNTs will exist as agglomerated, hydrophobic particles 7 . A physically and 55 chemically similar particle that is ubiquitous in the environment is black carbon (BC), 56 which can be produced from forest fires or as a by-product from incomplete combustion 57 of fossil fuels (i.e., natural or incidental nanoparticles, respectively) thermogravimetric analysis or TGA) are also used to determine the purity of commercial 63 Dorchester Bay sediment (DBS). Less-concentrated sediment samples were prepared by 90 serial dilutions with un-amended DBS. 91
Several materials that were pre-combusted and expected to be free of organic 92 carbon were also analyzed. These included ground (to a fine powder) Ottawa quartz 93 sand, quartz fiber filters (QFFs), and platinum sample pans. 94 Thermogravimetric analysis-mass spectrometry. TPOs and HATDs were 95 performed using a TA Instruments Q50 TGA interfaced to a Pfeiffer ThermoStar 96 quadrupole mass spectrometer (MS) via a heated capillary transfer line (200 o C, 2 mL 97 min -1 sampling rate). Sample sizes were 3-3.3 mg for relatively pure samples (i.e., non-98 sedimentary material) and 40-44 mg for environmental matrices (e.g., sediments and 99 soils). Masses were known to 0.001 mg. 100
TPOs were conducted in dry air (100 mL min The proposed method bears similarity to thermal-optical methods (i.e., thermal 107 optical transmittance/reflectance (TOT/R)) for distinguishing elemental carbon and 108 organic carbon (EC/OC), especially with regard to the use of sequential reactive 109 atmospheres (e.g., helium followed by a helium/oxygen mixture). In EC/OC, the 110 formation of higher thermal stability material from lower thermal stability material 111 during the analysis (i.e., "charring") is acknowledged, accounted for optically, and 112 subsequently used to correct the data. In our method, we explicitly seek to avoid charring 113 altogether, as CNTs confound the optical correction technique 17 , and it will result in 114 interferences that introduce significant error. 115
Correction for TPOs: To account for instrumental drift between sample analyses, 116 ion ratios (X sample /Y sample , e.g., 18 sample /44 sample ) were normalized to a standard run using 117 the ratio of the average ion current m/z 28 in the sample (28 sample ) to the average ioncurrent m/z 28 in the standard (28 standard ) (Eqn 1). The ion m/z 28 was selected as an 119 indicator of N 2 , which is the principle component of the dry air carrier gas that was 120 delivered at a constant rate. Ion ratios were then normalized as described by Eqn 1. The majority of SWCNT powders produced two oxidation peaks: (1) a lower 163 thermal stability signal that is conventionally presumed to be due to the oxidation of 164 amorphous carbon and (2) a higher thermal stability signal that is conventionally 165 presumed to be due to the oxidation of SWCNTs. In some cases (e.g., SES), contaminant 166 phases were not amorphous carbon, but instead, are higher thermal stability material such 167 as MWCNTs (see Supporting Information (SI) for representative MWCNT stability, 168 which has a peak oxidation around 600 o C) or multi-shell carbon (i.e., soot). In other 169
cases (e.g., Nano Am., MER, CNI, and ManX), only one phase was readily apparent in 170 the thermogram, and this could be the result of either very pure SWCNTs or the co-171 oxidation of multiple phases. For example, a tested C 60 fullerene sample oxidized around 172 Several factors can influence the apparent thermal stability of a material, 176 including the heating rate, oxygen supply, and oxygen's access to the carbon surfaces 177 (e.g., surface area and material packing 24, 25 ). The temperature program, sample size, and 178 bulk oxygen supply were well controlled in these experiments. Thus, the observed 179 differences in SWCNT oxidation temperatures must be due to some intrinsic property (or 180 properties) of the SWCNTs. Other researchers 15, 21 have noted that the SWCNT oxidation 181 temperature is inversely related to the total metal content, suggesting that metals may 182 catalyze the oxidation. Some have suggested that this catalysis results from the formation 183 of metal oxides that generate concentrated microenvironments of oxygen in close 184 proximity to the SWCNT lattice 22 . However, it is also possible that different catalytic 185 metals may produce SWCNTs with distinct properties (e.g., strain due to chirality or the 186 average surface area of SWCNTs) that influence the oxidation temperatures of the 187 nanotube products. While our data showed no significant correlation between the metal 188 content and the oxidation temperature, clearly, the type of metal mixture was important to 189 the oxidation temperature of the SWCNTs (Figure 2 Unfortunately, the crystalloid forms of the metals in these CNT samples were 200 unknown and are not typically determined by manufacturers. The metal content is likely 201 too low to obtain informative x-ray diffraction data. X-ray photoelectron spectroscopy 202 would yield information on the metals present in the top several nm of the sample, yet 203 carbonaceous coatings obscure many of the metals in SWCNT powders. As an exercise, 204 we assumed the metals were present as typical metal oxides 6 and calculated the total 205 possible metal oxide content to determine if there was a correlation between oxide 206 content and oxidation temperature; there was no such correlation (SI). 207
The wide distribution in SWCNT thermal stability across catalyst types 208 demonstrates that no single thermal oxidation technique will quantify all SWCNTs. 209
Knowing the type of SWCNT likely to be present in a field or lab sample (e.g., Ni-vs. 210
Co-catalyzed), one could tailor the analytical method to isolate and quantify the desired 211 variety of SWCNTs. 212
Here, we will focus on developing techniques to quantify the SWP nanotubes, 213 which have been selected as a standard material for SWCNTs by NIST. 214 TPO of natural organic materials. Thermal isolation approaches require minimal 215 overlap in the thermal stability of SWCNTs and other natural materials. Several 216 representative "natural" materials were chosen, including samples that contain no BC or 217 SWCNT (i.e., a carbohydrate, methylcellulose, and a protein, BSA) and samples that 218 contain different types of BC (i.e., wood char and diesel particulate matter) (Figure 3a) . 219
Methylcellulose had a low thermal stability and narrow thermal response window, 220 perhaps consistent with its relatively oxidized chemical character, and did not interfere 221 with SWP analysis. In contrast, the heteropolymer BSA had a broad oxidation range with 222 some mass loss that interfered with SWP. Molecules with high nitrogen contents, such as 223 proteins, have a tendency to char, forming higher stability materials during the thermal 224 treatment. Visible charring was evident following BSA oxidation, and environmental 225 matrices with high protein contents (e.g., cells or tissue) will likely suffer from significant 226 interference 17 . These may be overcome with tandem analyses (e.g., TGA-MS) that 227 enable the distinction between evolved gases due to char-derived BC and native BC in 228 the sample (e.g., water evolved from char but not soot). 229
Natural BC in a sample matrix may exist in several forms, including wood char or 230 BC soot. Wood char had a lower thermal stability than SWP (Figure 3a) , perhaps due to 231 greater oxygen access resulting from the porous structure of char. In spite of the lower 232 thermal stability of wood char, there was still a slight interference with the oxidation 233 onset of the SWCNTs. BC soot, on the other hand, was thermally distinct from SWP 234 largely decomposing at temperatures >600 o C (Figure 3a) . The higher stability of the 235 former is likely due to the multi-layer structure of aromatic sheets present in BC soot 236 spheres 26 , which limits oxygen access to the dense interior of the particles and increases 237 the ultimate oxidation temperature. In contrast, SWCNTs are made up of hollow 238 cylinders that have higher surface-area-to-carbon ratios. This structural difference 239 between BC and SWCNTs may provide an opportunity to distinguish the two materials 240 using thermal techniques. 241
While it makes intuitive sense, experiments should be undertaken to prove that 242 differences in oxygen access to carbon influence relative thermal stabilities of materials. 243
For example, comparative experiments with variable carbon geometries (i.e., all sp 2 -244 hybridized, aromatic sheets, but differing surface area to total carbon ratios; e.g., 245
graphene, fullerenes, SWCNT, MWCNT, soot) but constant moles of carbon would 246 indicate relative oxidation kinetics (e.g., by monitoring evolution of reaction products). 247 (Nanomaterials would have to be metal-free to avoid confounding effects that result from 248 metal contamination). Reaction rates could be related to the oxygen-access parameters 249 (e.g., surface area as measured by nitrogen absorption) to confirm the existence of a 250 causative relationship. Alternatively, a single material could be exposed in different 251 geometries (e.g., constant mass, variable surface access or crucible shapes) or thicknesses 252 (e.g., variable mass, same area). Such investigations would contribute to many fields that 253 invoke thermal analysis, especially for carbonaceous materials. As CO 2 is a generic product of organic carbon oxidation, it will likely present a 303 barrier to the detection of a trace contaminant in any sample matrix. Therefore, we 304 investigated the use of an alternate reactive gas, H 2 , to potentially produce SWCNT-305 specific masses. 306 HATD of SWCNTs, natural organic materials, and complex environmental 307 matrices. Heating SWCNTs in pure hydrogen, rather than an oxygen-containing 308 atmosphere, increased the maximum degradation temperature of all SWCNTs ( Figure 5) . 309
In some cases, the thermal program did not fully degrade the SWCNTs or associated 310 contaminants (ManX, CLex, SES), in spite of a prolonged exposure (60 min) to H 2 at 311 900 o
C. 312
In addition to shifts in the thermal stability, there was increased resolution of 313 previously co-oxidizing phases in some samples (e.g., MER and NanoAm.). Phases that 314
were not observed in TPOs became apparent in HATDs, and this suggests potential value 315 in a type of multi-dimensional analysis (e.g., HATD and subsequent TPO). Additionally, 316 the increased resolution afforded by HATD demonstrates that the use of TPO alone is not 317 sufficient to determine SWCNT purity. TPO is often used exclusively to determine the 318 quantity of carbonaceous impurities in SWCNTs 21, 22, 30 , where low thermal stability 319 peaks are considered amorphous carbon and the mass remaining at the end of the TPO is 320 considered to be metal oxide. While the approach appears to be valid in some cases (e.g., 321
for the CNI sample), TPO does not necessarily separate all carbon-based SWCNT co-322
products. 323
In addition to increased phase resolution in SWCNT powders, HATD reduced 324 remains to be determined, the approach could provide a route to differentiate engineered 336 nanoparticles from natural or incidental nanoparticles, which has been challenging to 337
date. 338
This is promising for specific applications (e.g., laboratory air), but thermal 339 interferences in complex environmental mixtures persisted. In the case of urban dust, 340 mass losses overlapped with those of SWP SWCNTs to a greater extent than under TPO. 341
Coastal sediments had almost identical co-degradation with SWP SWCNTs during both 342 TPO and HATD. To overcome this limitation, diagnostic masses from SWCNT 343 degradation were sought to identify the materials in natural environments. Readily accessible improvements. The detection limit in the HATDs was set by 356 either (1) co-degradation of sedimentary phases or (2) interference with the mass 28 357 signal due to an air leak in the TGA-MS, which was not designed to be airtight (see SI for 358 supporting data). In addition to designing a leak-free instrument, these limitations could 359 be overcome in at least three accessible ways. 360
First, enhanced mass spectral resolution would allow one to distinguish between 361 N 2 and ethene using their mass defects. Ethene's exact mass is 28.05 amu, whereas N 2 's 362 exact mass is 28.01 amu. Many mass spectrometers readily distinguish these two ions, 363 but the mass spectrometers that are typically sold for TGA applications (i.e., residual gas 364 analyzers (RGA)) have mass resolutions of only about 1 amu! Clearly, the resolving 365 power of this RGA MS is insufficient to distinguish N 2 and C 2 H 4 . In addition, the RGA 366 has detection limits on the order of micrograms, whereas other mass spectrometers have 367 sensitivities in the picogram range (especially for non-fragmenting molecules). 368
Second, evolved gases could be cryogenically collected or otherwise captured and 369 then chromatographically separated and quantified via traditional gas chromatographic 370 methods, including flame ionization detection or improved mass spectral analysis. 371
Detection limits in the "offline" systems orders-of-magnitude improvements over RGA 372 and could offer additional discerning information (e.g., isotope ratios). Also, it is 373 important to note that RGAs have limited sampling rates (2 mL min -1 ). With typical 374 TGA reactive gas flows between 10 and 100 mL min -1 , one is only sampling 2-20% of 375 the gases evolved during the TGA furnace; the rest of the signal is simply flushed away. 376
With cyrogenic focusing, all or most of the signal due to SWCNTs could be quantified, 377 rather than being flushed away as it is in online RGA MS.
Lastly, existing software for deconvoluting mass loss and or mass spectral 379 information (e.g., such as those used in Rock-Eval 14 ) could potentially enable 380 computational peak separation where thermal separation is not possible, especially where 381 the evolved gases are unique. 382
Were the issues completely resolved, given the current pan geometry (40 383 mg sediment ) and a better mass spectrometer (with 0.1 to 1 ng sensitivity), one could 384 measure 2.5-25 ng SWCNT different phases, which are all carbonaceous (except for the highest thermal stability peak 561 in the SWP sample, which is due to the loss of molybdenum oxides). For thermograms 562 with two major peaks, the lower stability peak was attributed to amorphous carbon and 563 the higher thermal stability peak was attributed to SWCNTs, except in the case of SES. Environmental matrices, such as urban aerosol concentrates and sediments, had broad 578 mass loss peaks that would obscure some, but not all, SWCNT oxidation temperature 579 ranges. Note that mass losses at low temperatures are partially due to water loss from 580 associated minerals. Thermograms for C 60 and MWCNTs are available in the Supporting 581
Information. 582 583
